ABSTRACT The radiation behavior of the fractional-order, resonant mode within a circular sector cavity radiator is revealed at first, and then, it is employed to design a novel, planar quasi-isotropic magnetic dipole antenna. A set of closed-form formulas is derived and employed to determine the key parameters of the proposed antenna. The resultant circular sector magnetic dipole antenna operates at its dominant TM(2/3), 1 mode. It is numerically verified and experimentally validated at the 2.45-GHz band. It is seen that the antenna exhibits a good non-uniformity of less than 5.7 dB within the three principal planes, and an average radiation efficiency up to 82% within its impedance bandwidth from 2.4 to 2.5 GHz (for reflection coefficient smaller than −10 dB). Good agreement between the theoretical, simulated, and measured results has evidently verified the proposed antenna design approach.
I. INTRODUCTION
With the rapid development of modern wireless systems, antennas with quasi-isotropic radiation pattern are becoming more and more desirable in many applications, especially in the radio frequency identification (RFID) tags, wireless access points (APs), aerospace applications, and radio frequency energy harvesting. Owing to the merit of full spatial coverage, the quasi-isotropic antennas are beneficial for providing stable and reliable wireless link connections in all directions.
Designing an ideal isotropic antenna with uniform radiation and polarization in all directions is impossible in theory [1] , while it is possible to realize a null-free, quasiisotropic antenna [2] instead. Various types of quasi-isotropic antennas have been developed in the past decades. According to the basic operation principles, such antennas can be classified into four major categories: The first one is realized by using the turnstile structures [3] - [8] . This type of antennas is usually recognized as rotationally symmetrical arrays composed of multiple identical elements and associated feed networks composed of power dividers and in-phase quadrature shifters: In [3] and [4] , a modified hookshaped dipole is designed to provide an almost isotropic radiation for broadband application. As the most typical turnstile structure for near-isotropic coverage, a series of cross dipole antennas have been proposed, including the curved crossed dipoles [5] , spherical-cap crossed dipoles [6] , and L-shaped monopoles [7] . As reported in [8] , a double turnstile structure can also provide a quasi-isotropic radiation pattern when the two turnstiles are separated by a quarter-wavelength. The second one is based on small elements [9] - [17] : It is proved that the approximate quarterwavelength transmission-line antenna is an isotropic radiator with respect to the power-flow density of coherent electromagnetic waves [9] . By adjusting the two orthogonally polarized field components of an inverted-F antenna (IFA), a quasi-isotropic IFA can also be realized [10] . A series of typical small-element designs have been reported, such as the bent dipoles [11] , electrically small spherical dipoles [12] , [13] , series-fed wire dipole array [14] , meandering-line dipole with two short-circuited strips [15] , U-shaped half-wavelength dipole with a rectangular-shaped feed [16] , and three-dimensional U-shaped folded slot antenna [17] . Usually, such antennas exhibit a common characteristic that multiple-folded or meandered configurations should be introduced to further reduce the size and lead to more uniform radiation patterns [12] - [15] . The third type of quasi-isotropic antennas is designed by using complementary dipoles [18] - [29] , i.e., using the combination of an electric dipole and a magnetic dipole: a narrow spherical slot antenna [18] , [19] , a ring of crossed slot radiators [20] , [21] and a combination of a monopole and two rectangular slots [22] , [23] are employed to achieve nearisotropic radiation characteristics. More recently, multiple complementary dipoles are employed to develop a series of quasi-isotropic antennas, e.g., adopting a pair of bent electric dipoles with a T-matching network [24] , utilizing a bent electric dipole combined with two slots [25] or a hybrid dipole configuration [26] , using a loop radiator placed over a truncated ground plane [27] , employing the combination of a dielectric resonator antenna and a small ground plane [28] , introducing a folded split ring resonator configuration [29] , and using the combination of a shorted rectangular patch, a small ground plane and a metallic sidewall [30] . These complementary antennas are usually designed on the substrates with higher relative permittivity [24] , [25] , [27] - [29] , and most of them have complex structures. As the final approach, the metamaterial concept is employed to realize the quasiisotropic radiation characteristic. It is demonstrated that the unusual electromagnetic behaviors of artificial mediums can be employed to generate the quasi-isotropic radiation characteristic [31] - [33] , e.g., an isotropic radiator can be realized by using a thin Kapton film [31] , by employing E-field-driven LC resonator metamaterials [32] , or by utilizing multiple metamaterial unit cells [33] .
By comparing the four presented design approaches of quasi-isotropic antennas, it is seen that most of these antennas have relatively complex configurations and precise analytical design models are rarely developed. As previously studied, it is theoretically proved that a current source known as ''the U-shaped quarter-wavelength radiator'' can exhibit a near-isotropic radiation characteristic [34] - [36] . It has a simple configuration composed of two vertical arms of about one quarter-wavelength separated by a short cross piece of a length that is far less than the operational wavelength. Therefore, such a linear, 1-D antenna is promising to serve as the initial stage for further development of a planar, 2-D antenna having a quasi-isotropic radiation pattern, more design degrees of freedom, and higher performance.
In this paper, a planar, circular sector antenna is evolved from the basic U-shaped quarter-wavelength radiator. The radiation behavior of the fractional-order resonant mode within the evolved circular sector cavity is revealed and employed to design a novel quasi-isotropic antenna. Prototype antennas are fabricated and measured to experimentally verify the design approach and the numerical results. 
II. THEORY AND DESIGN APPROACH
To simplify the analysis, a centered-fed, U-shaped dipole with an approximate length of one quarter-wavelength [9] , [34] - [36] in free space shown in Fig. 1(a) is considered. Suppose the short cross piece (with a length of h) is aligned with the z-axis. Thus, the U-shaped quarter-wavelength dipole can evolve into a planar antenna by rotating the two vertical arms to a certain angle of α with reference to the z-axis, as shown in Fig. 1 (a) . In this way, the linear, 1-D antenna evolves into a cavity-like, 2-D antenna shown in Fig. 1 (b) -(c): The two vertical current arms evolve into the top and bottom surface of the cavity with a flared angle of α, and the short cross piece evolves into a shorting wall with a height of h. The equivalent magnetic current sheet on the aperture formed by the two sector surfaces will dominate the radiation behavior of the resultant antenna. Therefore, the antenna can be treated as a planar circular sector magnetic dipole antenna, and the cavity model [37] - [40] can be applied to rigorously predict its radiation behavior.
When h → 0, the fields can be determined by solving the wave equation within a circular sector cavity. At the edge of the circular sector, the radial surface current J ρ must vanish to meet the magnetic-wall boundary conditions of the cavity model [37] - [40] , such that,
where R 0 is the radius of the circular sector, and it is determined by the first root of the first-order derivative of Bessel function of order v [37] - [40] ,
where v = nπ/α, n is an integer and it represents the number of circumferential variation (for the non-static, fundamental mode, n = 1), c is the light speed in vacuum, f 0 is the center frequency, k = 2π/λ 0 is the wave number, λ 0 is the wavelength at center frequency, J v (·) and χ v,1 are the firstorder derivative of the v-order Bessel function and its first root, respectively. For a non-zero but very low height h, i.e., h λ 0 , the radius of the circular sector can be slightly modified as that of a low profile antenna [41] ,
Because h λ 0 , the fields do not vary along the z direction. Therefore, the electric field within the cavity has only a z component, and the magnetic field essentially has only ρ and ϕ components. The equivalent magnetic current on the aperture is given by [40] 
As observed from Fig. 1 (c) , r is the distance between the observation position P in the far-field and the origin, r is the distance between the observation position P and the source point, α is the flared angle of the circular sector, h is the height of the cavity. The radiation field from the circular sector can be obtained by integrating the far fields generated by the magnetic current along the profile of the circular sector from −α/2 to α/2. Therefore, the E-field of the planar antenna can be determined by the azimuthal components of magnetic current
According to the natural boundary condition [42] of the cavity, a virtual, infinite electrical wall should occur at z = 0. Therefore, the useful radial extent of the magnetic current is assumed to be h/2, because of the exponential decay of the electric field for ρ > R 0 [40] . Using the resonance approximation that only the non-static, fundamental mode (n = 1, v = π/α) contributes to the radiation [40] , the expressions for the E θ and E ϕ components can be simplified as
where hE ν J ν (χ ν1 ) is known as the edge voltage at ϕ = 0 [40] . For brevity, the closed-form expressions of both E θ and E ϕ components in terms of Bessel function in three principal planes are obtained by utilizing the expanded formulas in [43] and shown in the Appendix. These formulas can be used to predict the radiation behavior, and then to determine the flared α angle of the quasi-isotropic antenna in further. Then, the magnitude of the total field E total is given by
Once the radius R 0 is determined, the total field radiation pattern is only dominated by the flared angle α of the circular VOLUME 5, 2017 FIGURE 2. Theoretically predicted normalized radiation patterns of the total E-field of the circular sector antenna with different flared angles of α, (a) the xz-plane, (b) the zy-plane, and (c) the xy-plane.
sector. The normalized total field patterns for different α in three principal planes, i.e., ϕ = 0 • (the xz-plane), ϕ = 90 • (the zy-plane), and θ = 90 • (the xy-plane) are theoretically predicted by using (7) - (9) and (A.3) -(A.10), then displayed in Fig. 2 . It is revealed that the uniformity of the radiation pattern is dominated by the order v of the resonant cavity mode. This implies that the uniformity of the antenna can be tuned by varying the value of the flared angle α. It is seen that when α = 3π/2, the total field patterns of all principal cuts exhibit an excellent non-uniformity less than 1dB, which implies the radiation patterns of the resultant antenna should be quasi-isotropic.
Hence the flared angle α of the circular sector can be determined as 3π/2 to achieve a quasi-isotropic magnetic dipole antenna. It is clearly revealed that the radiation property of the fractional-order resonant modes within a circular sector cavity can be employed to flexibly realize different radiation coverage characteristics. Therefore, the resultant planar, quasi-isotropic antenna can be designed and excited by a SMA coaxial probe at a certain position, as shown in Fig. 3 (a)-(b) .
III. NUMERICAL AND EXPERIMENTAL VALIDATIONS OF THE ANTENNA
In the previously theoretical calculations, all of the nonideal factors, that is, the non-zero metal thickness, dissipative loss, and the unexpected discontinuities, are not taken into consideration in the closed-form formulas. Thus, the physical dimensions of the antenna should be finely tuned and optimized by employing a full-wave numerical simulator. Ansoft's HFSS is employed to optimize the proposed antenna. The antenna is designed at the 2.45-GHz Industrial Scientific Medical (ISM) band. As analyzed in the previous section, the flared angle α has been determined as 3π/2. Therefore, it leads to v = 2/3, and the corresponding operating mode of the designed antenna is the TM 2 3 , 1 mode, and χ 2 3 , 1 = 1.401. For a moderate low height of 0.05λ 0 (λ 0 is the free space wavelength centered at 2.45 GHz), i.e., h = 6 mm, the approximate value of R 0 can be accordingly determined as 24.3 mm by using (1) -(3).
As seen from numerical validations shown in Fig. 4 (a) -(b) , the improved impedance matching can be achieved under the selection of R 0 = 24 mm and h = 6 mm. The discrepancy of R 0 between the numerical and theoretical result is only 1.2%, which implies the design formulas are correct and precise. The effect of the feed position L on the antenna performance is numerically studied in Fig. 4 (c) . As indicated, good impedance matching characteristic can be achieved when L equals to 3 mm. Therefore, all parameters of the proposed antenna have been determined as α = 3π/2, R 0 = 24 mm, h = 6 mm, L = 3 mm.
The radiation patterns of the designed quasi-isotropic antenna with optimized parameters are simulated at 2.45 GHz as displayed in Fig. 5 . The total field radiation patterns are indicated by blue solid lines. It is seen the antenna exhibits perfect isotropic coverage in both the xz-and xy-planes. Within the zy-plane, the E θ component exhibits nulls at θ = 0 • and θ = 180 • , which are compensated by the maxima of the E ϕ component. Correspondingly, the E ϕ component exhibits nulls at θ = 90 • and θ = −90 • , which are compensated by the maxima of E θ component. This phenomenon leads to a perfect isotropic total field pattern in the zy-plane. The maximum non-uniformity of the simulated radiation patterns is only 1.8 dB. The numerical results perfectly agree with the theoretical ones shown in Fig. 2 . Therefore, the approximate closed-form formulas and the theoretical design approach deduced in the previous section have been numerically validated to be correct.
After the operating principle and design approach are validated and confirmed, some antenna prototypes are fabricated for experimental validations. The photograph of some fabricated prototypes is shown in Fig. 6 . To minimize the possible radiation interference caused by the feeding cable, a λ/4 choke sleeve is used [44] . The reflection coefficient of the fabricated antenna is measured using the Agilent's 8720ET vector network analyzer (VNA), while the radiation pattern, antenna gain and efficiency are measured using the Satimo Starlab near field antenna measurement system. For comparisons, both cases with/without a choke sleeve are measured, and the results are compared as intensively discussed in [28] . The measured and simulated reflection coefficients of the prototype are plotted in Fig. 7 . The measured 10-dB impedance bandwidth of the antenna with and without the choke sleeve covers from 2.40 to 2.50 GHz or the fractional bandwidth (FBW) of 4.1%, and from 2.40 to 2.49 GHz or the FBW of 3.7%, respectively. This implies that the choke sleeve does not show significant effect on the impedance matching [28] . simultaneous comparisons with the simulated one. As shown in Fig. 8 , the antenna exhibits good quasi-isotropic radiation characteristic within all principal planes. The agreement between simulation and measurement can be significantly improved by introducing the choke sleeve.
Based on these comparisons, it is seen the λ/4 choke sleeve is necessary in the experimental validation of the quasi-isotropic performance of the antenna. Fig. 9 shows the measured and simulated radiation patterns of the designed antenna with a choke sleeve in the xz-, zy-, and xy-plane at 2.45 GHz in detail. In Fig. 9 (a) and (c) , the radiation patterns of E θ and E total components are almost overlapped because the E ϕ component is much lower, and this is well-matched to the simulated results. As demonstrated in Fig. 9 (b) , the nulls of the E θ component and the E ϕ one are mutually compensated at θ = 0 • , θ = 90 • , θ = 180 • , and θ = −90 • . This leads to a good isotropic total field pattern in the zy-plane, just as numerically simulated in Fig. 5 and theoretically predicted in Fig. 2 . As depicted in Fig. 8 and Fig. 9 , the non-uniformities of measured radiation patterns are 5.1 dB in the xz-plane, 5.7 dB in the zy-plane, and 3.3 dB in the xy-plane. The measured radiation patterns show good agreement with the numerically simulated in Fig. 5 and theoretically calculated ones in Fig. 2 . The measured and simulated peak gains and radiation efficiencies of the quasi-isotropic antenna are plotted in Fig. 10 . The measured gain of antenna without a choke sleeve varies in the range of 1.8 dBi to 2.3 dBi within its impedance bandwidth, and that of the case with a choke sleeve varies from 1.7 dBi to 2.9 dBi. The antenna with the choke sleeve exhibits the higher efficiency than that without the choke sleeve within the impedance bandwidth: The former one has an average efficiency of as high as 82%, whereas the latter one has an average efficiency of 70%. The measured gains are higher than the simulated ones, which is resulted by the higher directivity or non-uniformity introduced by the inevitable spurious radiations, and the geometrical asymmetry caused by the feed cable [44] . When the increment in directivity is superior to the decrement in efficiency, the resultant measured gain is slightly higher than the simulated one, as shown in Fig. 10 . Agreement of gains between the simulated and measured antenna with a choke sleeve is better than the case of without a choke sleeve, as is expected [28] , [44] .
Finally, a comprehensive comparison with other quasiisotropic antennas is tabulated in terms of the fractional bandwidth, the maximum non-uniformity, electrical size, and operation principle in Table I . Because these antennas operate at different center frequencies and have substrates with different relative permittivity ε r , the electrical size should be modified as k g r for a fair comparison, where k g = 2π/λ g , λ g is the corresponding guided wavelength at the respective center frequency of the antennas, as can be approximately estimated by
As a unique property, the proposed antenna realizes the quasi-isotropic radiation characteristic using a single magnetic dipole, which is distinctive from the other designs. Compared to the design using a single electric dipole having a non-uniformity of 15 dB, the proposed antenna can provide a much more uniform coverage with a maximum non-uniformity of 5.7 dB. Compared to most designs based on complementary dipoles and cross-dipoles, the proposed antenna has a smaller or comparable electrical size, fractional bandwidth and non-uniformity. Furthermore, the antenna has a simple configuration with only a few key design parameters, and a set of analytical design formulas is available.
IV. CONCLUSION
In this paper, the design approach of a planar quasi-isotropic antenna is proposed and validated. The radiation behavior of the fractional-order, resonant cavity mode within a circular sector radiator is revealed and employed to realize the quasi-isotropic radiation characteristic. A set of closedform formulas is accordingly derived to determine the most important, key parameters of the antenna. Circular sector magnetic dipole prototypes operating at TM 2 3 , 1 mode are designed, fabricated, measured and used to experimentally verify the theoretical and numerical results at 2.45-GHz ISM band. It is found that the proposed antenna exhibits a maximum non-uniformity of 5.7 dB, FBW of 4.1%, average radiation efficiency of 82%, and an electric size (k g r) of 1.23. The developed antenna is expected to be useful in wireless communication or identification systems with quasi-isotropic coverage characteristics. Further, the revealed operation principle and proposed design approach are expected to get applications in the developments of other type of low profile, wide beamwidth antennas.
APPENDIX
In this Appendix, the closed-form expression of the fields is deduced. Consider the integral forms of the fields,
Using the Fourier series expansion in [43] , the expressions above can be calculated to obtain the closed-form equation,
where
The same procedure can also be easily applied to obtain the closed-form expression of E ϕ component,
Finally, by substituting (A.4) -(A.6) into (A.3), and (A.8) -(A.10) into (A.7), the closed-form expressions of E θ and E ϕ components with variables α, θ , and ϕ in term of Bessel function are obtained. Once the radius of the cavity R 0 is determined, the radiation behavior of the antenna is dominated by α. 
